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® This invention is directed to accomplish an ultra- 
sonic remedial apparatus for generating a living 
body action such as cavitation suitable for remedy of 
a malignant tumor, a thrombus and a calculus, an 
ultrasonic wave diagnostic apparatus for generating 
cavitation to enhance an ultrasonic echo image of a 
blood stream, etc., and utilizing its reflection capac- 
ity, an ultrasonic chemical reaction promotion ap- 
paratus, an ultrasonic washing apparatus, an ultra- 
sonic sterilizer, etc., by providing an ultrasonic irra- 
diation apparatus for efficiently generating acoustic 
cavitation. Irradiation focus code signals for defining 



focal positions and sound pressure distribution 
shapes of irradiation sound fields of a fundamental 
frequency waves and harmonics are applied from a 
main control circuit to driving phase generation cir- 
cuits, respectively. The driving phases thus gen* 
erated are applied to driving signal generation cir- 
cuits and the resulting driving signals are applied to 
device driving circuits, respectively, so that a group 
of the fundamental frequency devices and a group of 
harmonic devices are driven, respectively. The driv- 
ing phases are controlled so that the fundamental 
frequency wave and the harmonic waves are super- 
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posed with one another in a medium near the focus, ciently. 
and acoustic cavitation is generated locaily and effi- 



FIG. 3 
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TECHNICAL FIELD 

The present invention relates to an ultrasonic 
therapeutic apparatus suitable for medical treat- 
ment of malignant tumors and medical treatment of 
thrombi and calculi, an ultrasonic diagnostic ap- 
paratus having the function of generating ultrasonic 
cavitation for emphasizing an ultrasonic echo im- 
age of, for example, blood flow, an ultrasonic ap- 
paratus accelerating chemical reactions, an ultra- 
sonic cleaning apparatus for solid surfaces, an ul- 
trasonic bubble generating apparatus or a steriliz- 
ing apparatus for liquid. 

BACKGROUND ART 

A medical treatment of malignant tumors and a 
remedy for calculi which are based on irradiation of 
a converging high-intensity acoustic wave have 
been expected to serve as a noninvasive modality 
which does not depend on operation and as a 
modality which makes much of the quality of life 
after operation of a patient and increase their social 
value more and more in future, too. Acoustic cavi- 
tation is considered to play an important role in 
generating the effect of medical treatment based 
on high-intensity focused acoustic wave irradiation, 
it has also been known that acoustic cavitation 
plays an important role also in accelerating chemi- 
cal reactions and in cleaning based on ultrasound 
irradiation. 

As a method of efficiently inducing the genera- 
tion and collapse under pressure of acoustic cavita- 
tion for the above purposes, a technique has hith- 
erto been reported as proposed in JP-A-2-1 26848, 
according to which ultrasonic waves are irradiated 
by switching acoustic fields at intervals of 1 to 100 
msec. In this technique, based on the fact that the 
ultrasonic irradiation time, 1 to 100msec, is needed 
for generation of acoustic cavitation, ultrasonic irra- 
diation is carried out while switching acoustic fields 
of different wave fronts at intervals of the above 
time range whereby the cycle of generation of 
acoustic cavitation by one acoustic field and col- 
lapse under pressure of the acoustic cavitation by 
the other acoustic field is repeated. Through this, 
the efficiency of ultrasonic chemical reaction could 
be an order of magnitude improved for the same 
ultrasonic power in comparison with the case with- 
out the switching of acoustic fields. 

In the semiconductor device production pro- 
cess, high-density integration of device prevails 
and concomitantly therewith, deposition of minute 
foreign matters on substrates or surface contamina- 
tion affect the yield of products to a great extent. 
Therefore, the cleaning process becomes very Im- 
portant in the semiconductor device production 
process. When an ultrasound is irradiated on a 



liquid containing minute gas. pressure increase and 
pressure reduction due to the ultrasound, which are 
waves of condensation and rarefaction, are caused 
in a local region, bubbles of a size corresponding 
s to a frequency of the ultrasound are vibrated, and 
collapse under pressure of bubbles occurs be- 
cause of a phenomenon called acoustic cavitation. 
It has been known that the cleaning effects are 
observed on the condition that acoustic cavitation 

ro takes place and by virtue of this characteristic, the 
acoustic cavitation phenomenon is widely used for 
cleaning processes; cleaning of semiconductor 
substrates, glasses or tableware. 

Since the ultrasound changes its cleaning ef- 

i$ feet in accordance with the form of its irradiation, a 
variety of methods for improving the efficiency of 
cleaning by arranging the location where an ul- 
trasound irradiated portion have been devised. 
However, such arrangement could not improve the 

20 cleaning efficiency sufficiently. For more efficient 
cleaning, a method is needed which can efficiently 
generate acoustic cavitation serving as a source of 
cleaning. As a conventional example in which an 
irradiation source of ultrasound is contrived in an 

25 ultrasonic cleaning apparatus, a cleaning apparatus 
as disclosed in JP-A-2-1 57078 has been devised 
which has higher cleaning power than the case of 
an ultrasound of a single frequency by having a 
source for generating ultrasonic waves of a plurality 

30 of frequencies. In this example, the additive effect 
of the ultrasonic waves irradiated from the respec- 
tive ultrasound sources could be attained but the 
cleaning effect could be limited because a com- 
bination of frequencies was not so set as to gen- 

36 erate acoustic cavitation efficiently. 

Conventionally, in sterilization of liquid, a meth- 
od using chlorine or ultraviolet rays has been used 
widely. In the case that the composition of liquid 
may be changed, especially, in the case of waste 

40 liquid disposal, chlorine treatment is used and in 
order to perform sterilization which does not 
change the composition of liquid to a great extent, 
ultraviolet rays are used. 

The sterilization using chlorine has been prac- 

45 ticed for a relatively long time but it changes the 
composition of a liquid to be processed and so 
requires operations such as neutralization and re- 
moval of remaining chlorine to allow the sterilized 
liquid to be used for another purpose, raising prob- 

so lems from the standpoint of safety and environ- 
mental cost. The sterilization using ultraviolet rays 
does not use any chemicals and so it is used 
widely as a sterilization method which is simple 
and makes easy the handling of liquid after ster- 

66 ilization. However, since most of organic com- 
pounds has large absorption coefficient of ultra- 
violet rays, ultraviolet rays are not expected to be 
effective for a liquid containing a large amount of 
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organic compounds unless the liquid is located 
near a light source. It has been known that when an 
ultrasound is Irradiated on liquid, acoustic cavitation 
occurs and sterilization can be induced thereby. 

DISCLOSURE OF INVENTION 

However, when taking the application to medi- 
cal treatment, for a particular example, there are so 
many different situations in real clinical applications 
even with the above-described techniques, ultra- 
sonic power necessary for obtaining sufficient 
therapeutic effects is not always of a sufficiently 
small level from the standpoint of the potential side 
effects due to the ultrasound. On the other hand, 
even in the conventional techniques improved as 
described previously, only a very small part of 
irradiated ultrasonic energy is converted into the 
energy effective for generation and collapse under 
pressure of acoustic cavitation and in this respect, 
there still remained a possibility of improving the 
efficiency in principle. Accordingly, there is pos- 
sibility to have a technique which can afford to 
obtain the same therapeutic effect by a smaller 
ultrasonic power level than that of the aforemen- 
tioned conventional techniques and its realization 
has been desired strongly for the sake of carrying 
out medical treatment while suppressing the side 
effects as small as possible. 

In the light of the aforementioned social de- 
mands and potential technical possibilities, it is an 
object of the present invention to provide an ultra- 
sonic irradiation technique for generating acoustic 
cavitation with significantly higher efficiency than 
the conventional techniques. Based on this, a con* 
crete object is to provide an ultrasonic therapeutic 
apparatus which can essentially eliminate the side 
effects, or a highly efficient ultrasonic chemical 
reaction accelerating apparatus, ultrasonic cleaning 
apparatus or ultrasonic sterilizing apparatus. In ad- 
dition, it is also intended to provide the ultrasonic 
therapeutic apparatus with the function of prevent- 
ing erroneous irradiation by visualizing the effi- 
ciently generated acoustic cavitation as an ultra- 
sonic Image or to improve the imaging capability of 
an ultrasonic diagnostic apparatus by emphasizing 
an echo characteristic of, for example, a blood flow. 

In connection with the ultrasonic cleaning ap- 
paratus, an object of the present invention is to 
provide a cleaning apparatus with an ultrasound 
source at a plurality of frequencies which has high- 
er cleaning capability than the case of a single 
frequency and also provide higher cleaning effects 
as a result of the synergistic effect of the plural 
frequencies by setting a combination of the fre- 
quencies for efficient generation of acoustic cavita- 
tion. 



Since bubbles participating in acoustic cavita- 
tion are essentially inversely proportional to the 
ultrasound frequency, large bubbles collapse under 
pressure when a low frequency is used. With an 

6 increase in density of integration, the size of a 
pattern on a semiconductor device decreases and 
when an ultrasound wave at a low frequency of, for 
example, 20kHz is used for cleaning, the size of a 
bubble generated by acoustic cavitation approxi- 

w mates that of a pattern formed on a semiconductor 
device, bringing about such a potential adverse 
influence-that a bubble enters a groove of the pat- 
tern on the semiconductor device and will not go 
out of the groove. Therefore, a high ultrasound 

75 frequency must be used but there arises a problem 
that acoustic cavitation effective for cleaning is 
unapt to be generated at a higher frequency. An 
object of the present invention is to provide a 
cleaning apparatus which has higher cleaning ca- 

20 pabilrty than the conventional apparatus by gen- 
erating acoustic cavitation effective for cleaning 
even at a high frequency of, especially, 500kHz or 
higher employing an ultrasonic irradiation method 
which induces highly efficient generation of acous- 

25 tic cavitation which is a source of cleaning. The 
aforementioned collapse under pressure of a bub- 
ble due to acoustic cavitation leads to generation of 
a local region of high pressure and high tempera- 
ture under a pacified condition, but in the conven- 

30 tional ultrasonic cleaning apparatus, only the me- 
chanical effects of the acoustic cavitation are noti- 
fied and there Is no example of a cleaning appara- 
tus utilizing the chemical effects of the acoustic 
cavitation. The cleaning effect of ultrasound is clas- 

35 shied into one based on mechanical effects and the 
other based on chemical effects. In ordinary ultra- 
sonic cleaning at a low frequency, the mechanical 
effect is dominant. Cleaning with ammonia and 
hydrogen peroxide or hydrogen peroxide and sulfu- 

40 ric acid in the process of semiconductor devices 
includes a chemical process of oxidizing the sur- 
face of a semiconductor device or a substance 
deposited on the surface of the semiconductor 
device. The present invention intends to obtain 

46 sufficient cleaning effects in connection with such 
chemical cleaning. 

When an ultrasound is used for sterilization of 
liquid, the problem that the effect can be attained 
only near a generating source can be avoided in 

so contrast to the case of ultraviolet rays. Also, since 
the composition of liquid is less changed by the 
treatment than in the case of using chlorine, liquid 
after sterilization can be used without being sub- 
jected to a post-treatment. While in the conven- 

55 tional ultrasonic irradiation method acoustic cavita- 
tion inducing the sufficient sterilization effect can- 
not be generated and consequently sterilization 
due to an ultrasound was hardly carried out, the 
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present Invention uses an ultrasonic irradiation 
method suitable for generating acoustic cavitation 
with the aim of providing a sterilizing apparatus 
having sufficient sterilization effects in comparison 
with sterilization using chlorine or ultraviolet rays. 

BRIEF DESCRIPTION OF DRAWINGS 

Fig.1 is a diagram showing an example of a 
second harmonic superimposed wave. 

Fig.2A is a diagram showing a resultant super- 
imposed waveform from a waveform p1 at the 
fundamental frequency. sfn(2irft), and a waveform 
p2 at the second harmonic frequency -sin(4wft). 

Fig.2B schematically shows the waveform p2 
of the second harmonic and behavior of the gen- 
erated bubbles are shown on upper and lower 
sides of that waveform. 

Fig.2C is a diagram schematically showing the 
waveform p1 of the fundamental and behavior of 
bubbles which are generated on upper and lower 
sides of that waveform pi by the waveform p2 of 
the second harmonic wave and grow further. 

Fig.3 is a block diagram showing the configura- 
tion of an embodiment of an ultrasonic irradiation 
apparatus according to the present invention. 

Fig.4A is a top view showing an example of the 
configuration of an ultrasonic transducer unit in the 
embodiment of Fig.3. 

Fig.4B is a side view showing the example of 
the configuration of the ultrasonic transducer unit in 
the embodiment of Fig.3. 

Fig.5 is a diagram showing another example of 
the configuration of the ultrasonic transducer unit in 
the embodiment of Fig.3. 

Fig .6 is a diagram showing experimental re- 
sults of a sono-chemical reaction due to the sec- 
ond harmonic superimposed wave. 

Fig.7 is a block diagram showing the configura- 
tion of another embodiment of the ultrasonic Irra- 
diation apparatus according to the present Inven- 
tion. 

Fig .8 is a sectional view showing the configura- 
tion of a piezoelectric thickness mode vibrator ele- 
ment of an ultrasonic transducer unit In the em- 
bodiment of Rg.7, 

Flg.9 is a diagram showing an example of a 
rectangular drive waveform for the piezoelectric 
thickness mode vibrator eiement of Fig.8. 

Fig. 10 is a diagram showing an example of a 
stepped drive waveform for the piezoelectric thick- 
ness mode vibrator element of Fig.8. 

Fig. 11 is a diagram showing the configuration 
of the peripheral circuit a piezoelectric vibrator ele- 
ment of ultrasonic transducer unit in the embodi- 
ment of Rg.7. 

Rg.12 is a diagram showing an example of the 
configuration of the circuit to drive a piezoelectric 



vibrator element of the ultrasonic transducer unit in 
the embodiment of Rg.7. 

Rg.13 is a diagram showing an example of a 
push-pull type switching circuit constituting the cir- 
s cuit to drive piezoelectric vibrator element of the 
ultrasonic transducer unit in the embodiment of 
Rg.7. 

Rg.14A is a top view showing the configuration 
of an example of the ultrasonic transducer unit in 
70 the 

embodiment of Fig.7. 

Rg.14B Is a side view showing the configura- 
tion of the example of the ultrasonic transducer unit 
in the embodiment of Rg.7. 
is Flg.15 is a diagram showing another example 
of the configuration of the ultrasonic transducer unit 
in the embodiment of Rg.7. 

Rg.16 is a diagram showing another example 
of the circuit to drive a piezoelectric vibrator ele- 
20 ment of the ultrasonic transducer in the embodi- 
ment of Fig.7, 

Rg.17 is a time chart for stepped waveform 
driving the piezoelectric thickness mode transducer 
of Fig.8. 

25 Fig. 18 Is a sectional view of an example of a 
single focus manual scanning type transducer 
adoptable in the present invention. 

Rg.19 is a sectional view of an example of a 
non-focus type plane wave transducer adoptable in 
30 the present invention. 

Fig .20 Is a sectional view of an example of a 
stylus transducer for pricking adoptable in the 
present invention. 

Rg.21 is a diagram showing an example of the 
3s configuration of an intraoperative therapeutic ul- 
trasound transducer according to the present in- 
vention. 

Fig.22 is a diagram showing another example 
of the configuration of the intraoperative therapeutic 
40 ultrasound transducer according to the present in- 
vention. 

Rg.23 is a diagram showing an example of the 
configuration of a reactor of an ultrasonic chemical 
reaction apparatus according-to the present inven- 
45 tion. 

Rg.24 is a diagram showing another example 
of the reactor of the ultrasonic chemical reaction 
apparatus according to the present invention. 

Rg.25 is a diagram showing an example of the 
so configuration of an ultrasonic cleaning apparatus 
according to the present invention. 

Fig.26 is a diagram showing another example 
of the configuration of the ultrasonic cleaning ap- 
paratus according to the present invention. 
66 Rg.27 Is a diagram showing still another exam- 
ple of the configuration of the ultrasonic cleaning 
apparatus according to the present invention. 
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Flg.28 is a diagram showing experimental re- 
suits of oxidation induced by ultrasonic irradiation 
while changing the phase relation between the fun- 
damental and the second harmonic wave which are 
superimposed to each other. 

Fig.29 is a diagram showing an example of the 
configuration of a sterilizing apparatus according to 
the present invention. 

Rg.30 is a diagram showing another example 
of the configuration of the sterilizing apparatus ac- 
cording to the present invention. 

BEST MODE FOR CARRYING OUT THE INVEN- 
TION 

It has been known that when a sinusoidal ul- 
trasound with a relatively high intensity propagates 
in a medium such as a living body or a liquid, its 
pressure waveform changes from a sine wave to a 
so-called N-wave (a wave in which the rise of 
pressure is more rapid than the fall of pressure) as 
the propagation proceeds. This is due to such a 
non-linear property of the medium that as the pres- 
sure in the medium increases, the acoustic speed 
increases, and in the case of a pulsed ultrasound, it 
has been known that the pressure waveform 
changes to a waveform having a larger positive 
peak pressure than a negative peak pressure as 
the propagation proceeds. On the other hand, it 
has been known that acoustic cavitation is unlikely 
to be generated in an acoustic field called a trans- 
mission mode or a propagation mode in which any 
high-Intensity reflectors do not exist but is likely to 
be generated in an ultrasonic acoustic field in 
which high-intensity reflectors exist. The above can 
be explained by considering that the wave in which 
the fall of pressure generated by propagation of an 
ultrasound is more gradual than the rise of pres- 
sure or the negative peak pressure is smaller than 
the positive peak pressure are disadvantageous to 
the generation of acoustic cavitation but the 
waveform becomes advantageous to the generation 
of acoustic cavitation when phase inversion by a 
reflector takes place. 

Based on the above consideration, the present 
invention proposes that an ultrasound considered 
to be generated as a result of phase inversion in 
the above case and having a waveform advanta- 
geous to the acoustic cavitation generation can be 
obtained through synthesis without resort to any 
reflectors by causing an ultrasound of a fundamen- 
tal frequency to be added with an ultrasound hav- 
ing a frequency which is twice the fundamental 
frequency at an object to be irradiated. More par- 
ticularly, as shown in, for example, Fig.1, by adding 
to an ultrasound pi of a fundamental frequency an 
ultrasound p2 having a frequency which is twice 
the fundamental frequency in a suitable phase rela- 



tionship, an ultrasound p1 + p2 which has a 
waveform advantageous to the generation of acous- 
tic cavitation and having a larger negative pressure 
peak than a positive pressure peak can be syn- 
5 theslzed. 

A wave transmitter may be so configured that 
the fundamental wave pi and the second harmonic 
wave p2 are generated simultaneously from the 
same wave transmitter element or alternatively they 
to are generated from separate wave transmitter ele- 
ments and are synthesized at substantially the 
same focal point. A first embodiment proposes that 
an array type wave transmitter is used which is so 
configured that a fundamental wave pi and a see- 
rs ond harmonic wave p2, which are able to generate 
acoustic cavitation in the region more limited to the 
vicinity of a focal point, are generated from a 
plurality of wave transmitter elements, respectively, 
whereby the focal point of the fundamental wave 
20 pi and a focal point of the second harmonic wave 
p2 are superimposed to each other while they are 
electronically scanned simultaneously. 

This embodiment also proposes that in order to 
allow a position of the acoustic cavitation genera- 
25 tion be supervised in the form of a position in an 
ultrasonic echo image, an ultrasonic echo image of 
an irradiated object is formed simultaneously by 
transmitting and receiving a pulse wave of a higher 
frequency than the second harmonic wave. 
30 A second embodiment proposes an example in 
which simultaneous generation of the fundamental 
frequency wave pi and second harmonic wave p2 
from the same wave transmitter element is con- 
trived. 

36 A third embodiment proposes that a plane 
wave at the fundamental frequency and a plane 
wave at a frequency which is twice the fundamental 
frequency are added together so that wave fronts 
of the two frequencies are rendered to be substan- 

40 tially parallel to each other and the plane waves are 
irradiated on the same object at a time. 

A fourth embodiment proposes effective utiliza- 
tion of the aforementioned acoustic cavitation gen- 
eration in such a chemical process as oxidizing the 

45 surface of a semiconductor device or substances 
deposited on the surface of a semiconductor de- 
vice, for example, cleaning using ammonia and 
hydrogen peroxide or hydrogen peroxide and sulfu- 
ric acid in the process of semiconductor device 

so production. 

A fifth embodiment proposes an application to 
sterilization of liquid. 

A concrete example of the synthesis of an 
ultrasound of fundamental wave pi and an ul- 

55 trasound of second harmonic wave p2 which can 
generate acoustic cavitation efficiently at an irradi- 
ated object in these embodiments will first be ex- 
plained. 
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Flg$.2A and 2B show a acoustic pressure 
waveform obtained when the phase relation is set 
such that an ultrasound form p1 of fundamental 
frequency f is represented by sin(2wft) with respect 
to time t and a second harmonic waveform p2 is 
approximated by -sin (4wft), demonstrating an ex- 
ample In which the fall of a synthesized acoustic 
pressure is steeper than the rise thereof to act on 
the generation of acoustic cavitation very advanta- 
geously. Taking this case as an example, the gen- 
eration and function of acoustic cavitation wiP be 
described with the aid of diagrams. 

Fig.2A is a diagram showing a waveform result- 
ing from synthesis of the fundamental frequency 
waveform p1 of sin(2*ft) and the second harmonic 
waveform p2 of -sin(4*ft). Fig.2B dlagrammaticaily 
shows the second harmonic waveform p2 and be- 
havior of bubbles which are generated and grow on 
the upper and lower sides of the waveform p2. 
Fig.2C dlagrammaticaily shows the fundamental 
waveform pi and behavior of the bubbles, gen- 
erated and caused to grow by the second harmonic 
waveform p2, which further grow on the upper and 
lower sides of the waveform p1 . 

Firstly, the generation of acoustic cavitation is 
started by the second harmonic wave p2 {= -sin 
(4wft)). Since the radius of a resonant bubble due 
to the second harmonic wave is smaH amounting to 
a half of the radius of a resonant bubble due to the 
fundamental wave p1 ( = sin(2*ft)), the initiation of 
acoustic cavitation effected using the second har- 
monic wave Is significantly advantageous over that 
effected using only the fundamental wave pi. In 
that case, the radius of a cavitation bubble vibrates 
at the period of the second harmonic wave but in 
the initial phase of the generation of bubble, the 
bubble radius is smaller than the resonant bubble 
radius and has a maximum (for example, b1) at a 
negative pressure peak of the second harmonic 
wave and a minimum (for example, b2) at a posi- 
tive pressure peak as shown at an upper part In 
Fig.2B. In other words, enlargement and reduction 
are repeated within a size range of from b2 to bl. 

When cavitation bubbles grow by receiving en- 
ergy of the second harmonic wave p2 and the 
radius of a cavitation bubble reaches to approxi- 
mate the radius of a resonant bubble due to the 
second harmonic wave, the phase of vibration of 
the bubble radius is delayed by 80 * and the bub- 
ble radius has a maximum (for example, b3) at a 
zero-cross point from negative pressure to positive 
pressure. A bubble corresponding to positive pres- 
sure (for example, b4) remains essentially identical 
to a bubble in the phase of non-resonance. 

In this case, with the superim position of the 
fundamental wave pi effected in the above-de- 
scribed phase relation, the timings for maximizing 
the vibrator element radius coincide with a timing 



of a negative pressure peak of the fundamental 
wave once every two periods (for example, d) and 
as a result, the cavitation bubble further grows by 
receiving energy of the fundamental wave, reaching 

s at least the size (for example, c2) of a resonant 
bubble due to the fundamental wave. Even in the 
fundamental wave, a bubble corresponding to posi- 
tive pressure remains essentially identical to a bub- 
ble corresponding to positive pressure In the initial 

w phase in the second harmonic wave (for example, 
c3 and c4) regardless of the resonance and non- 
resonance phases. 

When a grown bubble collapses under pres- 
sure, an internal gas is adiabatically compressed to 

is generate energy locally. In order for the energy to 
be sufficient for the purpose of triggering a chemi- 
cal reaction, the bubble subject to collapse under 
pressure must be at feast larger than a certain size. 
By selecting the fundamental frequency which is 

2o somewhat low, the size of a resonant bubble at the 
fundamental frequency can be set to the necessary 
size or larger. In the case where the fundamental 
frequency alone is irradiated, however, there arises 
a problem that the cavitation generation cannot be 

25 started successfully if the resonant bubble due to 
the fundamental wave is too large. Contrarily, by 
effecting the superimposition of the second har- 
monic wave In the suitable phase relation by using 
the method of the present invention, each of the 

30 initiation of the cavitation generation and the growth 
of the cavitation bubble to a sufficient size can be 
accomplished efficiently through the cooperation of 
the second harmonic wave with the fundamental 
wave. 

$5 In addition, when an ultrasonic imaging unit is 
used which transmits/receives a pulse wave of a 
frequency higher than that of the second harmonic 
wave to form an ultrasonic echo image of an irradi- 
ated object, monitoring with self-matching capabll- 

40 ity due to wave motion having a speed essentially 
equal to that of the ultrasound which exerts acous- 
tic cavitation on an irradiated object will be possible 
and therefore monitoring relatively immune to the 
influence of a acoustic speed distribution of an 

45 intermediate medium can be realized. Further, by 
configuring the ultrasonic imaging unit to enable it 
to receive a frequency component of an even mul- 
tiple of the second hsrmonic ultrasound which ex- 
erts acoustic cavitation on an irradiated object, a 

50 position where an acoustic cavitation is generated 
or a position where acoustic cavitation will be gen- 
erated with high possibility can be displayed while 
being superimposed on an ultrasonic echo image. 
The first embodiment of the present invention 

65 will now be described in greater detail with refer- 
ence to Fig.3 to 6. 

The overall configuration of an embodiment of 
an ultrasonic irradiation apparatus according to the 
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present invention having the function of monitoring 
the position where acoustic cavitation is generated 
is shown In Rg.3 and the configuration of an ultra- 
sonic transducer unit is shown in Figs.4A and 46 
and Fig.5. 

Information concerning the ultrasonic irradiation 
therapeutic strategy is input from key input means 
31 to an irradiation unit main control circuit 20 and 
on the basis of the information, irradiation fo- 
cus/code signals for defining irradiation acoustic 
fields of a fundamental wave and a second har- 
monic wave as well as focus positions/acoustic 
pressure distribution forms of the respective waves 
are applied from the irradiation unit main control 
circuit 20 to a drive phase generating circuit 1 (11) 
and a drive phase generating circuit II (12), respec- 
tively. Phases for drive of transducer elements for 
irradiating the generated fundamental wave and 
second harmonic wave are applied to drive signal 
generating circuits 7-1 to 7-N (N being the total 
number of ones of transducer independent ele- 
ments which are used for the fundamental wave) 
and drive signal generating circuits 8-1 to 8-M (M 
being the total number of ones of transducer in- 
dependent elements which are used for the second 
harmonic wave), respectively. Drive amplitudes of 
the fundamental wave and the second harmonic 
wave are applied from the irradiation unit main 
control circuit 20 to the drive signal generating 
circuits 7-1 to 7-N and 8-1 to 8-M, respectively. 
Drive signals for the generated fundamental wave 
and the second harmonic wave are applied to 
element drive circuits 3-1 to 3-IM and 4-1 to 4-M, 
respectively, to drive a group of irradiation trans- 
ducer elements of fundamental wave 1-1 to 1-N 
and a group of irradiation transducer elements of 
second harmonic wave 2-1 to 2-M, respectively. 
The drive amplitudes can also be controlled by 
signals supplied from the Irradiation unit main con- 
trol circuit 20 directly to the element drive circuits 
3-1 to 3-N and 4-1 to 4-M, thereby ensuring steady 
and easy operation of emergency stop of ultrasonic 
irradiation upon occurrence of abnormality. 

An irradiation transducer composed of the 
group of fundamental wave elements 1-1 to 1-N 
and the group of second harmonic wave elements 
2-1 to 2-M acts also as a receiving transducer for 
detection of cavitation generated in an irradiated 
object. Signals received by the respective elements 
are removed of components of the irradiation signal 
band by means of band-reject filters 5-1 to 5-N and 
6-1 to 6-M, then led to receiving amplifiers 9-1 to 
9-N and 10-1 to 10-M, respectively, so as to be 
amplified thereby, and applied to a receiving focus 
circuit I (13) and a receiving focus circuit II (14), 
respectively. Since an output port of each of the 
fundamental wave drive circuits, 3-1 to 3-N, and an 
output port of each of the second harmonic wave 



drive circuits, 4-1 to 4-M, contain a series induc- 
tance which resonates with the sum of an element 
capacitance and a cable capacitance at the fun- 
damental frequency, f 0 . or the second harmonic, 

5 2f 0> the output impedance of the drive circuit will 
not act as a shunt at frequencies detuned from the 
respective f tt 2f 0 to interfer the receiving sensitivity. 

The receiving amplifiers, 9-1 to 9-N and 10-1 to 
10-M, are of variable gain and their gains are 

10 controlled by signals directly supplied from the 
irradiation unit main control circuit 20. During a 
time zone in which many unwanted signal compo- 
nents are generated off the irradiation ultrasonic 
center frequency, for example, during switching the 

1$ irradiation focus, the gains are downed to avoid 
saturation of the amplifiers. The respective receiv- 
ing focus circuit I (13) and receiving focus circuit II 
(14) have parallel focus circuits for effecting focus- 
ing on a plurality of focal points arranged in an 

20 irradiation focusing region at a spacing correspond- 
ing to spatial resolution of the receiving system, 
whereby they detect the generation and the gen- 
erated positions of ultrasound components radiated 
by cavitation: subharmonic components having fre- 

26 quencies fc/2 and fo/3, harmonic components hav- 
ing frequencies 4f c , 6f 0 and 8f Q and harmonic com- 
ponents of subharmonic components having fre- 
quencies 3fo/2, Sic/2 and 7y2, etc. Signals indica- 
tive of cavitation generation positions and genera- 

30 tion intensity are applied to a display circuit 30. 
Here, if parallel processing focus circuits which are 
smaller in number than the aforementioned focal 
points are used to scan the individual focal points, 
reduction of costs of the receiving focus circuit l 

35 (13) and receiving focus circuit II (14) can also be 
accomplished. 

In the Figure, 21 designates an array type 
transmitter/receiver probe dedicated to ultrasonic 
imaging and 22 designates a rotating mechanism 

40 for rotating the probe around an axis vertical to the 
probe surface, thus providing the configuration in 
which a plurality of ultrasonic pulse echo tomo- 
graphic images necessary for positioning an irradi- 
ated object can be obtained. Respective elements 

45 of the probe 22 are connected to a transmission 
control circuit 23 and a receiving focus circuit 25 
through a transmitting/receiving amplifier 24. The 
display circuit 30 is configured so that signals 
indicative of cavitation generation positions and 

w generation intensity which are detected by the re- 
ceiving focus circuit I (13) and receiving focus 
circuit II (14) are displayed while being superim- 
posed on an obtained echo tomographic image. 
In order to obtain good image resolution, the 

55 ultrasonic frequency band of the probe 21 is set to 
be 4f Q or higher. Structurally, harmonic components 
of, for example, frequencies 4f 0l 6f 0 and 8f 0 and 
harmonic components of subharmonic components 
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of, for example, 9y2 which are radiated by cavita- 
tion may be detected by the probe 21 rather than 
the group of elements 1-1 to 1-N and group of 
elements 2-1 to 2-M. Further, when the drive phase 
generating circuit I (11), drive phase generating 
circuit li (12) and drive signal generating circuits 7- 
1 to 7-N and 8-1 to 8-M are controlled by the 
irradiation unit main control circuit 20, pulse ultra- 
sonic waves can be transmitted in synchronism 
with the transmission of imaging ultrasonic pulses 
by the array type transmitter/receiver probe 21 
dedicated to ultrasonic imaging and focus positions 
of high-intensity ultrasonic waves for cavitation 
generation obtained through transmission by 
means of the elements 1-1 to 1-N and 2-1 to 2-M 
and reception by means of the probe 21 can be 
displayed while being superimposed on an echo 
tomographic image obtained through transmission 
and reception by means of the probe 21. 

Since the efficiency of cavitation generation 
depends on the relative phase relation between the 
fundamental wave and the second harmonic wave, 
more highly efficient cavitation generation can be 
realized by controlling the drive signal generating 
circuits 7-1 to 7-N and 8-1 to 8-N such that the 
intensity of harmonic components and harmonic 
components of subharmonic components which are 
radiated by cavitation is maximized and so the 
relative phase relation is optimized. When the op- 
timization according to the intensity of the har- 
monic components or the harmonic components of 
subharmonic components is difficult to achieve or 
when this function is desired to be omitted, there is 
also available a method for realizing highly efficient 
cavitation generation during at least more than a 
certain fraction of time by performing irradiation 
while shifting the relative phase relation by W8 to 
it I A in respect of the second harmonic wave. Not 
only when the optimum relative phase relation is 
searched but also when the relative phase relation 
is shifted in accordance with a predetermined val- 
ue, it is necessary to cause irradiation to continue 
for a constant time required for cavitation genera- 
tion (typically, about 0.1 msec) or longer in one 
relative phase relation. 

When observation of an ultrasonic irradiated 
object portion based on an echo tomographic im- 
age teaches that motion due to breathing of the 
object portion cannot be neglected and does mat- 
ter, the irradiation focus is so controlled as to move 
in compliance with the motion of the object portion 
on the basis of a signal applied from the receiving 
focus circuit 25 to the irradiation unit main control 
circuit 20. When the motion of the object portion is 
so large that it exceeds the permissible range of 
irradiation focus or when tracking Is difficult to 
achieve, the ultrasonic irradiation timing is con- 
trolled such that it is synchronized with breathing 



and ultrasonic irradiation is carried out within only a 
predetermined range of breathing timing, on the 
basis of a signal applied from a breathing detector 
32 to the irradiation unit main control circuit 20. 
s Also, the efficient acoustic cavitation generating 
method of the present invention can be applied to 
improve drawing power possessed by the present 
embodiment practiced as an ultrasonic diagnostic 
apparatus. More particularly, by carrying out two- 

io frequency superimposed ultrasound irradiation at 
relatively small intensity by using the group of 
elements 1-1 to 1-N and the group of elements 2-1 
to 2-M and generating acoustic cavitation efficiently 
in an object imaged based on an ultrasonic pulse 

75 echo method using the probe 21 to emphasize an 
echo characteristic of the imaged object such as 
blood flow, a blood flow In a minute blood vessel or 
a low-speed blood flow can be imaged which can 
hardly be imaged even through the Doppler meth- 

20 od when the ultrasonic pulse echo method using 
the probe 21 is employed alone. 

Next, the ultrasonic transducer unit of the 
present embodiment will be described in greater 
detail with reference to Figs.4A, 4B and 5. As an 

25 example, Figs.4A and 4B show an array-type high- 
intensity ultrasonic transducer of 16 sectors x 2 
tracks composed of groups of ultrasonic elements 
1-1 to 1-N and 2-1 to 2-M. Rg.4A is a diagram 
showing the state of the transducer as seen from 

30 below and each group of elements associated with 
part of peripheral circuits, and Fig.4B is a diagram 
showing a sectional structure of the transducer. 

This focusing type high-intensity ultrasonic 
transducer has a geometrical focus so that it may 

35 be allowed to scan focal points by means of a 
necessarily minimum number of elements N + M. 
In the present embodiment, the geometrical focus 
can be given by disposing groups of ultrasonic 
elements 1-1 to 1-N and 2-1 to 2-M on a spherical 

ao shell 33 made of light metal. The spherical shell 33 
made of light metal, containing as a main constitu- 
ent magnesium or aluminum, has an ultrasonic 
irradiating surface side which is a concave surface 
forming part of a sphere having its center at a 

45 geometrical focal point F and has a back side 
which has a polyhedral form polished to allow 
ultrasonic elements of piezoelectric ceramic to be 
bonded thereto. Thanks to high thermal conductiv- 
ity, the spherical shell 33 of light metal is effective 

so to cool piezoelectric elements during high-intensity 
ultrasonic irradiation and also acts as an ground 
electrode of each piezoelectric element. The shell 
also forms part of a transducer housing and it is 
provided with a conduit 33 of cooling fluid for 

66 depriving heat generated during high-intensity ul- 
trasonic irradiation and mounted with a water bag 
35 containing degassed water which makes easy 
acoustic coupling to the surface of the body. Since 
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the light alloy, containing as a main constituent 
magnesium or aluminum, has an acoustic imped- 
ance which is intermediate between those of the 
piezoelectric ceramic and degassed water for cou- 
pling, the shell 33 serves also as an acoustic 
matching material between the two. 

In the present embodiment, the thickness of 
the spherical shell 33 Is so selected as to be a half 
wavelength of the fundamental wave or one 
wavelength of the second harmonic wave but the 
thickness may be changed for the part of the 
fundamental wave elements 1-1 to 1-N and the part 
of the second harmonic wave elements 2-1 to 2-M 
to take a value of 1/4 wavelength of each of the 
frequencies, thereby improving transmit- 
ting/receiving characteristics of the pulse-like ul- 
trasound. 

Accommodated in a circular hole formed in a 
central portion of the array shown In Figs.4A and 
4B is a pulse echo transmitter/receiver probe 21 
dedicated to ultrasonic imaging. The basic struc- 
ture of the probe 21 is identical to that of a sector 
scanning type array probe used in the ultrasonic 
diagnostic apparatus and in the present embodi- 
ment its central frequency is set to be twice the 
resonance frequency of the second harmonic wave 
elements 2-1 to 2-M. In order to enable a single 
one-dimensional array probe to image a plurality of 
tomogram planes, the probe 21 is rotatable relative 
to the transducer housing 33 and is rotated about 
the central axis of the transducer by means of the 
rotating mechanism 22. 

In the present embodiment the transducer has 
a geometrical focal length of about 12 cm, an array 
outer diameter of about 12cm, an inner diameter of 
about 4 cm and a diameter of about 8 cm of a 
circle for sectioning two tracks. Since the outer 
track for generating the fundamental wave has a 
diameter which is about twice the diameter of the 
inner track for generating the second harmonic 
wave, the diameter of a fundamental wave spot 
substantially equals that of a second harmonic 
wave spot on the focal plane and the generation of 
cavitation based on the synergistic effect of the two 
frequencies can be carried out effectively. 

When for the 12 cm array outer size the inner 
diameter is set to 3 cm and the diameter of the 
circle sectioning the two tracks is set to 6 cm, the 
outer track and the inner track are almost exactly 
analogous to each other in terms of the ratio be- 
tween wavelengths and therefore a peak acoustic 
pressure distribution of the second harmonic wave 
approximately equals that of the fundamental wave 
on the focal plane. 

With the present configuration, the fundamental 
wave and the second harmonic wave are irradiated 
simultaneously on only the vicinity of the focal 
point and therefore by setting the focal point in an 



irradiated object, cavitation can efficiently be gen- 
erated locally only in the vicinity of the focal point. 

Fig.5 shows an example In which a rectangular 
array is used as the ultrasonic transducer unit in 

6 the present embodiment In the Figure, parts hav- 
ing the same function and the same name as parts 
in Figs.4A and 4B are designated by identical 
numerals. An ultrasonic transducer formed of a 
rectangular piezoelectric ceramic having a minor 

w side of 4 cm and a major side of 16 cm is divided 
into 2N + M elements and 2N elements on op- 
posite ends ,of the minor side are electrically con- 
nected together to form an array transducer con- 
sisting of N electrically independent fundamental 

is wave generating elements 1-1 to 1-N and M elec- 
trically independent second harmonic wave gen- 
erating elements 2-1 to 2-M. An irradiation surface 
side of an acoustic matching layer 33 made of a 
light alloy, containing as a main constituent magne- 

20 sium or aluminum, forms part of a cylindrical sur- 
face and its concaved portion is filled with an 
acoustic filler made of a polymer material which 
exhibits a acoustic speed comparable to or slower 
than that of water and which has the surface so 

25 formed as to be flat or convex, so that the trans- 
ducer as a whole forms geometrical foci on a line 
segment FP\ 

The ultrasonic transducer according to an em- 
bodiment of Fig.5 has a basic structure which func- 

30 tions also as a linear scanning type or sector 
scanning type array probe used in the ultrasonic 
diagnostic apparatus. Accordingly, by using part of 
the basic structure shown in Fig.3 which is re- 
moved of the probe 21 dedicated to ultrasonic 

35 imaging and Its rotating mechanism 22, the trans- 
mission control circuit 23, the transmitting/receiving 
amplifier 24 and the receiving focus circuit 25, an 
ultrasonic pulse echo tomographic image neces- 
sary for positioning an irradiated object can be 

40 obtained. But, like the ordinary linear scanning type 
or sector scanning type probe, this transducer can 
image only a tomogram plane which extends in a 
direction parallel to the major side. Since the fun- 
damental wave generating elements electrically 

45 connected in common have a width in the minor 
side direction which is set to be about twice a 
width in the minor side direction (a direction or- 
thogonal to the array arrangement direction) of the 
second harmonic wave generating element, a fun- 
so damental wave spot and a second harmonic wave 
spot expand substantially equally in the minor side 
direction on the focal plane and the generation of 
cavitation due to the synergistic effect of the two 
frequencies can be carried out efficiently. In the 

55 case of the present configuration, too, the fun- 
damental wave and the second harmonic wave are 
synthesized In a medium and the two-frequency 
waves are irradiated simultaneously on only the 

10 
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vicinity of the focal point and therefore, by setting a 
focal point on an irradiated object, cavitation can 
efficiently be generated locally only in the vicinity 
of the focal point. In an application of sono-chemi- 
cal reactions induced by the cavitation to the thera- 
peutic purposes, this leads to an advantage that 
the possibility of producing side effects at a portion 
frontally or backwardly away from an irradiated 
object can be substantially eliminated. 

Referring to Fig .6, an example will be de- 
scribed in which by irradiating ultrasonic waves by 
means of the ultrasonic irradiation apparatus com- 
prised of the ultrasonic transducer of Figs.4A and 
4B and having the overall configuration of Fig.3. a 
sono-chemical effects are practically generated 
with efficiency in an aqueous solution. An experi- 
ment was conducted for a sono-chemical reaction 
in which molecular iodine was released from iodide 
ions by oxidation. An aqueous solution of potas- 
sium iodide added with chloral hydrate was poured 
in a test tube made of polystyrene (having higher 
transparency for ultrasound than glass), placed at 
the focal point of the focusing type ultrasonic trans- 
ducer and irradiated with ultrasound. Concentration 
of released iodine was determined by absorbance 
and the rate of the sono-chemical reaction was 
determined from the absorbance. 

In Rg.6, the sono-chemical reaction rate ob- 
tained when a fundamental wave of 750 kHz and a 
second harmonic wave of 1.5 MHz are irradiated 
simultaneously while the sum of power levels of the 
two waves being kept to be constant are plotted in 
relation to the ratio of fundamental wave power to 
total ultrasonic power. In that case, the sum of the 
fundamental frequency ultrasonic wave intensity 
and second harmonic ultrasound intensity was 
about 30 W/cm 2 in the vicinity of the focal point. 
While the sono-chemical reaction rate for the fun- 
damental wave or second harmonic wave alone 
was zero within the experimental error range, the 
synergistic effect obtained by the simultaneous ir- 
radiation of the two waves was remarkable, and 
especially, high sono-chemical reaction rate was 
obtained at a ratio of the fundamental wave power 
to the total ultrasonic power which was from 0.2 to 
0.8 (fundamental waversecond harmonic wave = 
1:4 to 4:1). 

Referring now to Figs.7 to 20, an embodiment 
will be described in greater detail wherein wave 
transmitter elements used for transmis- 
sion/reception of the fundamental wave are iden- 
tical to those used for transmission/reception of the 
second harmonic wave. 

To describe a transmitter element, it is formed 
of a piezoelectric material or a material having an 
acoustic impedance equal to that of the piezoelec- 
tric material and its total thickness is set to cor- 
respond to a half wavelength of the fundamental 



wave so that not the total thickness but a partial 
thickness region may be driven piezoelectricaily, 
thereby making the transmitter element active at 
both the fundamental frequency and the second 

5 harmonic which is twice the fundamental frequen- 
cy. This expedient is for avoiding such inconve- 
nience that the wave transmitter element becomes 
piezoelectricaily inactive at frequencies of even 
multiples of the fundamental resonance frequency 

iq if the thickness as a whole is driven piezoelec- 
tricaily as in the ordinary piezoelectric element. 

Also, the drive circuit to be operated as usual 
with a drive waveform in the form of a sine wave or 
a rectangular wave having good symmetry is un- 

75 suitable to generate ultrasonic waves of frequen- 
cies of even multiples from the piezoelectric vibra- 
tor element because the drive waveform does not 
contain frequencies of even multiples of the fun- 
damental frequency and therefore it is necessary to 

20 contrive a drive circuit which is operated with a 
drive waveform in the form of a waveform contain- 
ing intended frequency components. A first expedi- 
ent is such that when a rectangular wave is used 
as the drive waveform, the ratio between times for 

25 the rectangular wave to stay at high and low two 
potential levels is not set to be 1:1 in the usual 
case but is set to be asymmetrical. A second 
expedient concerning the drive circuit is such that 
in place of a rectangular wave, a sawtooth wave or 

so a stepped wave simulating the sawtooth wave is 
used as the drive waveform. A third expedient 
concerning the drive circuit is such that a capacitor 
and an inductance are added to the piezoelectric 
vibrator element to form a resonance circuit which 

36 resonates at both the fundamental frequency and 
the second harmonic and this resonance circuit is 
driven by a circuit driven at the fundamental fre- 
quency and by a circuit driven at the second 
harmonic. 

40 In connection with a piezoelectric thickness vi- 
brator element formed of a piezoelectric material or 
a material having an acoustic impedance equal to 
that of the piezoelectric material and having a 
thickness of a half wavelength of the fundamental 

45 wave, a structure as shown in Fig.8 is considered 
wherein a region corresponding to an acoustic 
thickness (a thickness corrected for non-uniformity 
when the vibrator element is not uniform for the 
sound speed of the resonance mode in question) of 

so a measured from an end is driven piezoelectricaily. 
Of the piezoelectric structure, a portion 71 driven 
piezoelectricaily and a portion 72 not driven 
piezoelectricaily are united acoustically by sintering 
or by means of a high-intensity bonding agent. In 

65 an example of Fig.8, an electric field is applied 
across an electrode 74 covering the portion 72 and 
an electrode 73. The portion 72 covered with the 
electrode 74 stands for the portion which is not 
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driven piezoelectrically. 

Electromechanical conversion efficiencies to 
and 61 exhibited by this piezoelectric vibrator ele- 
ment at the fundamental frequency and the second 
harmonic are expressed by 5 

to = Esln 4 (W2) (1) 

ti «= Esin 4 va (2) 

10 

where E is a constant determined by the material 
and the like. The usual structure in which the whole 
thickness is driven piezoelectrically corresponds to 
the case of a = 1 and in this case, from (Equation 
1) and (Equation 2), co = E and « = 0 stand, 75 
indicating that while the fundamental wave can be 
converted, the second harmonic wave cannot be 
converted. The reason is because under the reso- 
nance state at the second harmonic, when a half of 
the thickness is distorted in the compression direc- 20 
tion, the remaining haft is required to be distorted 
in the expansion direction but this structure Is al- 
lowed to be driven in only the mode in which the 
whole thickness is distorted uniformly in the com- 
pression direction or the expansion direction. Con- 25 
trarily, for a = 2/3, « = «i = 9/1 6E is obtained 
from (Equation 1) and (Equation 2), indicating that 
the fundamental wave and the second harmonic 
wave can both be converted with the same conver- 
sion efficiency. 30 

The drive waveform will now be described by 
referring first to the case of a rectangular wave. 
Power ft and power fi of the fundamental fre- 
quency component and second harmonic compo- 
nent contained in a rectangular wave in which the 36 
ratio between times for the rectangular wave to 
stay at high and tow two potential levels is 0:{1 - fi) 
are expressed by 

ft = Fsin 2 ^ (3) 40 
fi = (F/4) sin 2 7T0 (4) 

where F is a constant determined by a difference 
between the high and low two potential levels, that 45 
is, the amplitude or the like. The usual rectangular 
wave having good symmetry corresponds to the 
case of /? = 1/2 but in this case, from (Equation 3) 
and (Equation 4), ft = f and fi = 0 stand, 
indicating that the fundamental frequency compo- 50 
nent is contained but the second harmonic compo- 
nent is not contained. Contrarily, for 0 = 1/4, from 
(Equation 3) and (Equation 4), ft = F/2 and fi ■ 
F/4 stand, indicating that a drive waveform contain- 
ing both the fundamental frequency component 55 
and the second harmonic component can be ob- 
tained. At that time, the magnitude of Is maxi- 
mized. 



Next the case where a sawtooth wave or a 
stepped wave simulating the sawtooth is used as 
the drive waveform will be described. Since it is 
wed known that the sawtooth wave has frequency 
components of even multiples of the fundamental 
frequency, the stepped wave simulating the 
sawtooth wave will be described herein in greater 
detail. Power *o and power m of the fundamental 
frequency component and second harmonic com- 
ponent contained in a stepped wave as shown in 
Fig.10 in which the ratio between times for the 
stepped wave to stay at either one of high and low 
two potential levels and an intermediate potential 
level is 7 :(1 - 7) are expressed by 

no = Gsin* (* Y /2) (5) 

m = (G/4)sin* iry (6) 

where G is a constant determined by a difference 
between the high and low two potential levels, that 
is, the amplitude and the like. The usual rectangu- 
lar wave having good symmetry corresponds to the 
case of 7 = 1 but in this case, from (Equation 5) 
and (Equation 6), no = G and in = 0 stand, 
indicating that the fundamental frequency compo- 
nent is contained but the second harmonic compo- 
nent is not contained. Contrarily, for 7 = 1/2, ft = 
fi = F/4 is obtained from (Equation 3) and (Equa- 
tion 4), indicating that a drive waveform containing 
the fundamental frequency component and the 
second harmonic component equally can be ob- 
tained. 

As shown In Rg.11, when a circuit, in which a 
capacitor is connected in parallel with a piezoelec- 
tric vibrator element to provide a total capacitance 
0 (43) and besides inductances L (44) and uL (45) 
and a capacitance C (46) are added, can be as- 
sumed to have terminals 41 and 42 connected to a 
drive circuit having a sufficiently low output imped- 
ance, electrical impedances Z1 and Z2 as viewed 
from the terminals 41 and 42 can be expressed by 

Z, = D/(1 + p - lW CL) (7) 

Z 2 = D/*/(1 - c* 2 CL) (8) 

where « represents angular velocity and 

D = [1 - (1 + f + u*W CL + Ur« 4 C 2 L2M 
«C (9) 

stands when J represents imaginary unit. For u = 
16/9 and 9 » 9/25, from the above Equations, 

Z1 = DVflT/B-^CL) (10) 

Za = D7[8716(1 - c^CL)] (11) 
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D' = (5/B - * 2 CL)(5/2 - o^CL) (12) 

are obtained. At that time, on the basis of (Equation 
12), Zi and Z2 are both minimized when a?CL = 
5/8 or 5/2. In other words, a circuit can be obtained 
which Is characteristic of resonating at two fre- 
quencies being at a ratio of 1:2. On the basis of 
(Equation 11), Z1 and Z2 are maximized at^CL * 
17/8 and 1, respectively, and therefore it is ad- 
vantageous to construct the circuit such that the 
terminals 41 and 42 are driven at the fundamental 
frequency and the second harmonic, respectively. 

The overall configuration of an embodiment of 
an ultrasonic irradiation apparatus according to the 
present invention using the wave transmitter ele- 
ment contrived as above and having a function 
monitoring the acoustic cavitation generating posi- 
tion is shown in Fig.7, the configuration of element 
drive circuit unit is shown in Figs.12 and 13, and 
the configuration of ultrasonic transducer unit is 
shown in Figs.14A and 14B. 

This embodiment is identical to the embodi- 
ment of Fig,3 with the exception that the wave 
transmitting element is used in common to the 
fundamental wave and the second harmonic wave. 
Information concerning ultrasonic irradiation thera- 
peutic strategy is input from key input means 31 to 
an irradiation unit main control circuit 20 and on the 
basis of the information, irradiation focus/code sig- 
nals for defining focus positions/acoustic pressure 
distribution forms are applied from the irradiation 
unit main control circuit 20 to a drive phase gen- 
erating circuit 11. Phases for drive of transducer 
elements for irradiating the generated fundamental 
wave and second harmonic wave are applied to 
drive signal generating circuits 7-1 to 7-N (N being 
the total number of transducer independent ele- 
ments), respectively. Control signals for drive am- 
plitudes of the fundamental wave and the second 
harmonic wave are supplied from the irradiation 
unit main control circuit 20 to the drive signal 
generating circuits 7-1 to 7-N. Generated drive 
signals are supplied to element drive circuits, 3-1 
to 3-N, to drive a group of transducer elements, 1-1 
to 1-N, for irradiation. The drive amplitudes can 
also be controlled by signals applied from the 
irradiation unit control circuit 20 directly to the 
element drive circuits 3-1 to 3-N, thereby ensuring 
steady and easy operation of emergency stop of 
ultrasonic irradiation upon occurrence of abnormal- 
ity. 

Rg.12 shows the configuration of a circuit of 
one element of the element drive circuits, 3-1 to 3- 
N, and Fig. 13 shows the configuration of a push- 
pull type switching circuit forming a part of the 
circuit shown in Fig. 12. Output ports of a fun- 
damental wave driver 47 and a second harmonic 



wave driver circuit 48 are connected to each ele- 
ment through a circuit which has the basic configu- 
ration of Fig. 11 and which resonates at the fun- 
damental frequency f 0 and the second harmonic 
5 2f 0 . In the Figure, capacitance C and inductance L 
set up a combination which resonates at the fun- 
damental frequency f^ In other words, 

(2wfo)2CL = 1 (13) 

70 

stands. 

A switching circuit in Fig.13 Is so configured 
that the connections of a constant potential source 

49 on the low potential side (in this case, earth 
is potential) and a constant potential source 50 on the 

high potential side to an output terminal 52 are 
switched on and off by means of switching ele- 
ments 53 and 54, respectively. The output terminal 
52 Is connected through a capacitor 58 to deliver 

20 only AC components. For stabilization of power 
supply potential, a capacitor 59 is connected be- 
tween the constant potential sources 49 and 50. An 
input terminal 51 is connected directly to a gate of 
the switching element 53 on the ground potential 

25 side but is connected through a capacitor 55 to a 
gate of the switching element 54 on the hot poten- 
tial side. DC level on the gate of the switching 
element 54 is controlled by the action of a Zener 
diode 56 having a Zener potential level of a gate 

30 drive signal amplitude (the difference between 
maximum potential and minimum potential) such 
that the maximum potential of the gate drive signal 
equals the potential of the constant potential source 

50 on the high potential side. In order to prevent 
35 runaway of the DC level, a resistor 57 is connected 

in parallel with the Zener diode 56. 

The Irradiation transducer configured of the 
group of elements 1-1 to 1-N operates also as a 
receiving transducer for detection of cavitation gen- 

<o erated in an irradiated object. Signals received by 
the individual elements are removed of compo- 
nents of the irradiation signal band by means of 
band-reject filters, 5-1 to 5-N, then led to receiving 
amplifiers, 9-1 to 9-N, so as to be amplified there- 

45 by and applied to a receiving focus circuit 13. 
Since the output port of each of the element drive 
circuits 3-1 to 3-N Is connected to the low imped- 
ance circuit through the resonance circuit operative 
to resonate at the frequencies f 0 and 2f c as de- 

so scribed above, the output impedance of the drive 
circuit will not act as a shunt at frequencies de- 
tuned from the respective f 0 and 2f G to interfere the 
receiving sensitivity. 

Display of an echo tomographic image by the 

56 array type transmitter/receiver probe 21 dedicated 
to ultrasonic imaging and motion due to breathing 
of the object portion can be dealt with In the same 
way as that in the embodiment of Flg.3 and will not 
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be described. 

Referring now to Figs.UA and 14B, the dif- 
ference between the ultrasonic transducer unit of 
the present embodiment and the ultrasonic trans- 
ducer unit shown in Rgs.4A and 4B. A diagram of 
Rg.l4A showing the state of the transducer as 
seen from below and the elements associated with 
part of peripheral circuits is the same. 

In a piezoelectric element shown in Fig.148. a 
plate-type piezoelectric ceramic having a thickness 
of 1/3 wavelength of the fundamental wave (= 2/3 
wavelength of the second harmonic wave) is 
strongly bonded, by a bonding agent of relatively 
small thermal expansion coefficient, with a plate 
which is made of the same piezoelectric ceramic 
materia) but is made to be essentially plezoelec- 
trically inactive by short-circuiting electrodes or 
without applying the electrode polarizing process- 
ing and which has a thickness of 1/6 wavelength of 
the fundamental wave. This piezoelectrically inac- 
tive plate may also be made of a piezoelectrically 
Inactive material such as zinc or copper having an 
acoustic impedance which is approximately equal 
to that of the piezoelectric ceramic. With the con- 
figuration as above, an ultrasonic vibrator element 
having piezoelectric activity at both the frequencies 
of the fundamental and second harmonic is re- 
alized. Illustration of the drawing differs only in that 
the wave transmitter elements 1-1 and 1-2 are 
depicted identically in thickness. 

Even with a structure in which a spherical shell 
33 forming part of the housing is not made of light 
alloy but is made of zinc or copper, having a 
thickness of 1/6 wavelength of the fundamental 
wave and a piezoelectric ceramic element having a 
thickness of 1/3 wavelength of the fundamental 
wave is bonded, the piezoelectric activity can be 
obtained at the frequencies of both the fundamental 
and the second harmonic but the structure of 
Figs.UA and 14B is slightly superior from the view 
of acoustic separation between adjacent elements. 

Acommodated in a circular hole at an array 
central portion shown in Figs.14A and 14B is a 
pulse echo transmitter/receiver probe 21 dedicated 
to ultrasonic imaging as In the case of Figs.4A and 
4B. 

FIg.15 shows an example in which a rectangu- 
lar array is used as the ultrasonic transducer unit of 
the present embodiment Like the relation of 
Flgs.14A and 14B to Figs.4A and 4B, the drawing 
illustration in this case differs from Fig.5 only in 
that wave transmitter elements 1-1 to 1-2 are de- 
picted identically in thickness. Among the groups 
of piezoelectric elements 1-1 to 1-N and 2-1 to 2-N 
and 3-1 to 3-N, element 1-1 to 1-N are mutually 
connected electrically to the corresponding ele- 
ments, 3-1 to 3-N, but can be driven at different 
phases relative to the elements, 2-1 to 2-N, making 



it possible to move the focal point in the depth 
direction according to the focusing along the minor 
side. 

In the foregoing, the circuit configuration ca- 

e pable of superimposing the second harmonic wave 
on the fundamental wave in a desired phase rela- 
tion thereto at a desired amplitude ratio and the 
apparatus configuration including the same have 
been described but if it suffices that the limitation 

ro is relieved to allow only a second harmonic wave 
being in a constant phase relation to the fundamen- 
tal wave to be superimposed thereon, the superim- 
position of the second harmonic wave can be ef- 
fected with a simpler circuit configuration. When a 

i$ waveform as shown In Fig.9 is desired to be ob- 
tained as a result of the superlmposrrjon, that is, 
when the second harmonic wave is superimposed 
on the fundamental wave in a cosine-wave to co- 
sine-wave relation, the push-pull type circuit as 

20 shown in Fig. 13 may be used by one circuit per 
element. Namely, when the two switching elements 
53 and 54 constituting the push-pull type circuit are 
controlled such that a state of rendering 53 on and 
rendering 54 off and a state of rendering 53 off and 

26 rendering 54 on are repeated, an ultrasound at the 
fundamental frequency and an ultrasound at the 
second harmonic frequency can be irradiated at a 
time by controlling the ratio between times for the 
waveform to stay at the respective states to a ratio 

30 which is not 1:1 but is of an unequal ratio such as 
1:3. 

When a waveform as shown in Fig.10 is de- 
sired to be obtained as a result of the superim- 
position, that is, when the second harmonic wave is 

3$ desired to be superimposed on the fundamental 
wave in a sine-wave to sine-wave phase relation, a 
circuit configuration as shown in Rg.16 is needed. 
One circuit of this type Is used per element to drive 
the piezoelectric vibrator element. By controlling 

40 gate input terminals 66, 65, 68 and 67 of drive 
circuits composed of switching element groups 54, 
53, and 63 with 64, three groups per piezoelectric 
vibrator element, adapted to switch on and off the 
electrical connection between respective three con- 

46 stant potential sources 50, 60 and 49 and the 
piezoelectric vibrator element in accordance with a 
time chart shown In Fig.17, a drive waveform hav- 
ing steeper rise than fall shown in Fig.11 can be 
obtained as an output waveform at a terminal 52. 

so By changing the time chart, a drive waveform can 
also be obtained which is steeper when falling than 
when rising. In contrast with the case obtaining the 
drive waveform of Fig. 17, in which the gate input 
terminal 67 remained off, the gate control of termi- 

65 nal 67 similar to that applied to the gate input 
terminal 68 in the case of Fig.17 is carried out. 
According to the circuit configuration of Fig.16, 
since the drive waveform which can be obtained 

14 
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with the Rg.13 circuit configuration can of course 
be obtained, drive can afford to proceed based on 
a second harmonic superimposed wave which is 
desirably defined in at least phase relation. The 
input terminal 67 is connected directly to a gate of 
the switching element 63 but the other input termi- 
nals 65, 66 and 68 are connected to gates of the 
switching elements 53, 54 and 64, respectively, 
through circuits similar to the gate peripheral circuit 
of the switching element 54 in Rg.13. in order to 
prevent reverse currents of the switching elements 
63 and 64, these elements are connected in series 
with diodes 61 and 62. 

In the foregoing embodiment, an example has 
been described wherein an electronic scanning 
type array transducer being complicated in con- 
figuration but considered to be excellent for general 
purpose use is employed as the ultrasonic trans- 
ducer; but the application range of the present 
invention is not limited thereto and may also be 
applied to a single focus manual scanning type 
transducer or a single focus mechanical scanning 
type transducer, an example of which is shown in 
sectional form in Rg.18, and a non-focus type 
plane wave transducer an example of which is 
shown in sectional form in Rg.19. In the Rgures, 
an electrode 73 Is connected to a coaxial connector 
76 by a lead wire 75. A housing 77 made of a 
metal of high thermal conductivity such as copper 
or aluminum is provided with a water conduit 78 for 
cooling to deprive heat generated by the piezoelec- 
tric device during ultrasound generating operation 
or, if necessary, cool an object irradiated with ultra- 
sonic waves. In Rg.18, the thickness of the central 
part of the acoustic lens 79 made of magnesium or 
a magnesium-based alloy is set to be a 1/4 or 1/2 
wavelength In the fundamental frequency, thus in- 
suring high efficiency. In Rg.19, the thickness of a 
flat plate 79 made of light metal such as magne- 
sium or aluminum is set to be a 1/4 or 1/2 
wavelength in the fundamental frequency, thus in- 
suring high efficiency. The thickness of a central 
portion of the acoustic lens 80 in Rg.18 made of 
magnesium or a magnesium-based alloy is set to 
measure similarly. 

Conventionally, in the case of the plane wave 
for which a high ultrasonic intensity level is hardly 
obtained, it was in effect impossible to generate 
cavitation sufficient for practical use in a non-sta- 
tionary acoustic field, but the second harmonic 
wave superimposing method of the present inven- 
tion succeeded in making the generation possible. 
Through this, even when a plane wave transducer 
as shown in Rg.19 was applied on the surface of 
the body or used during an operation, therapeutic 
effects could be obtained. Further, even by im- 
planting a needle-shaped transducer, an example 
of which is shown in sectional form In Rg.20, in an 



affected part, therapeutic effects could be obtained. 
In this case, the configuration is such that ul- 
trasound is rather diffused by a tip conical part 81 
made of magnesium or a magnesium-based alioy. 
6 When the ultrasound is desired to be prevented 
from being diffused, the tip conical part 81 may be 
made of a material exhibiting a relatively slow 
sound speed. 

In the foregoing, the embodiments have been 

10 described which make the generation of cavitation 
efficient by superimposing on the fundamental 
wave the second harmonic wave thereof but more 
efficient generation of cavitation can also be at- 
tained by superimposing a wave having a fourth, 

16 sixth or eighth harmonic of the fundamental wave 
on the aforementioned waves. 

Next, other embodiments of the present inven- 
tion will be described in greater detail with refer- 
ence to Rgs.21 to 24. 

20 These embodiments, atthough the embodiment 
of Rg.19 is similar in this point, notice the fact that 
the phase rotation due to the diffraction effect can 
be neglected in near acoustic fields of plane waves 
and therefore if plane waves of the two frequency 

25 waves are added to each other in the respective 
near acoustic fields so that wave fronts of the two 
frequency waves may become parallel to each 
other, then the phase relation between the two 
frequency waves can be conditioned to be advanta- 

30 geous to the generation of acoustic cavitation over 
a wide region. 

In connection with the ultrasonic therapeutic 
apparatus standing for an embodiment of the 
present invention, an example of the configuration 

35 of an intraoperative uttrasonic therapeutic trans- 
ducer unit is shown in Hg.21. Planar piezoelectric 
devices 1 and 2f or generating the fundamental 
wave and the second harmonic wave, respectively, 
are mounted so as to oppose to each other in 

40 parallel. The two piezoelectric devices are respec- 
tively bonded to acoustic matching layers 79-1 and 
79-2 each made of a magnesium-based alloy with 
sufficient acoustic strength. Heat generated during 
the generation of ultrasonic waves is led from the 

45 acoustic matching layers of high thermal conductiv- 
ity to housings 77-1 and 77-2 each made of metal 
of high thermal conductivity and is deprived from 
the transducer unit through water conduits 76-1 
and 76-2 for cooling. If necessary, this cooling 

50 function can also be used for the purpose of cool- 
ing the vicinity of the surface of an affected part 
standing for an object to be irradiated with ul- 
trasound. 

For example, when an affected part at a lobule 
56 110 of the liver is remedied, the affected part is 
Irradiated with ultrasonic waves of the fundamental 
frequency and second harmonic simultaneously 
from the both sides of the affected part while being 

15 
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sandwiched in between the planar piezoelectric de- 
vices 1 and 2. The distance between the planar 
piezoelectric devices 1 and 2 can be adjusted by 
means of a parallel moving mechanism 90 while 
keeping the parallelism. The distance between the s 
surfaces of the acoustic matching layers 79-1 and 
79-2 of the two piezoelectric devices is set in 
principle to be an integer multiples of a half 
wavelength of the fundamental wave. A space be- 
tween each of the two acoustic matching layers io 
and the lobule 110 of the liver may be filled, as 
necessary, with a jelly having the same osmotic 
pressure as the living body to assist the ultrasound 
transferring. A compact ultrasonic detector 21 is 
mounted in a small hole formed In a centra} portion rs 
of the piezoelectric device to detect higher har- 
monics and higher harmonics of subharmonics, 
these harmonics being generated in correspon- 
dence to the generation of acoustic cavitation. 
Based on detected signals, the irradiation intensity 20 
of the fundamental wave and the second harmonic 
wave is adjusted or the aforementioned distance 
between the surfaces of the acoustic matching 
layers 79-1 and 79-2 is adjusted finely for the 
purpose of attaining optimization. 25 

Fig.22 shows an example of an intraoperative 
ultrasonic therapeutic transducer unit configured to 
generate the fundamental wave and the second 
harmonic wave simultaneously from a single piezo- 
electric device in contrast to Fig.21 . 30 

A reflection plate 92 made of, for example, 
stainless steel and having a thickness of an integer 
multiple of a half wavelength of the fundamental 
frequency wave is mounted to oppose planar pi- 
ezoelectric devices for simultaneous generation of 36 
the fundamental wave and the second harmonic 
wave (71 and 72; they have the same configuration 
as that explained in connection with Fig.6) in par- 
allel thereto. The planar piezoelectric devices are 
bonded to a thickness vibrator element plate 79 40 
made of a magnesium-based or aluminum-based 
alloy and having a thickness of an integer multiple 
of the half wavelength of the fundamental wave, 
with sufficient acoustic strength. For example, when 
an affected part at a lobule 110 of the liver Is 45 
remedied, the affected part is irradiated with ultra- 
sonic waves of the fundamental frequency and 
second harmonic simultaneously from the planar 
piezoelectric devices while placing the affected part 
between the planar piezoelectric devices and the so 
reflection plate 92. The distance between the 
planar piezoelectric devices and the reflection plate 
92 can be adjusted by means of a parallel moving 
mechanism 90 while keeping the parallelism. The 
distance between the surfaces of the thickness 55 
vibrator element plate 79 and reflection plate 92 is 
set for optimization similarly to the aforementioned 
distance between the surfaces of 70-1 and 79-2. 



With this configuration, acoustic fields substan- 
tially equal to the stationary acoustic fields set up 
between the respective two planar piezoelectric 
devices 1 and 2 and the respective two acoustic 
matching layers 79-1 and 79-2 in the embodiment 
of Fig.21 can be formed between the thickness 
vibrator element plate 79 and the reflection plate 
92. Since the reflection plate 92 can be designed 
to be much thinner than the housing 79-2 of planar 
piezoelectric device 2, this embodiment is superior 
in the point of ease of intraoperative use and in this 
respect the configuration of Fig.22 is more advanta- 
geous than the configuration of Rg.21. 

Tne intraoperative ultrasonic therapeutic trans- 
ducer shown In Fig.21 or 22 can substitute for each 
transmitter element 1 or 2 or each transmitter ele- 
ment 1 in the configuration of the ultrasonic thera- 
peutic apparatus of the embodiment shown in Fig.3 
or 7 to constitute an intraoperative ultrasonic thera- 
peutic apparatus. The ultrasonic detector 21 in 
Rg.21 or 22 corresponds to the probe 21 in Rg.3 
or 7. 

Rg.23 shows an example of the configuration 
of a reactor of an ultrasonic chemical reaction 
apparatus according to an embodiment of the 
present invention. A reaction vessel 91 is filled with 
liquid, reactants or substrates for sono-chemical 
reaction as dissolved or scattered in the liquid is 
caused to flow in the reaction vessel 91 through an 
inlet 93, and a product stemming from a sono- 
chemical reaction, also dissolved or scattered in 
the liquid, is caused to flow out of the reaction 
vessel 91 through an outlet 94. When mutually 
parallel acoustic matching layers 79-1 and 79-2 
constituting part of the inner wall of the reaction 
vessel 91 are made of magnesium-based light met- 
al as in the embodiment of Fig.21 , each layer has a 
thickness of 1/4 wavelength or of 1/4 wavelength 
added with an integer multiple of a half wavelength; 
but when the layers are made of stainless steel or 
quartz glass with the aim of insuring required 
chemical stability, each layer has a thickness of an 
integer multiple of the half wavelength. The dis- 
tance between inner walls of the reaction vessel is 
set to an integer multiple of the half wavelength of 
the fundamental wave so as to meet the resonance 
condition. The illustrated example was so designed 
that this distance was selected to be one 
wavelength of the fundamental wave in order to 
allow anti-nodes of stationary wave acoustic pres- 
sure to occur not only in the vicinity of the Inner 
wall but also a central portion of the vessel for both 
the fundamental wave and the second harmonic 
wave. The configuration of Fig.23 essentially supe- 
rior in point of the generation of acoustic cavitation 
is also advantageous to the configuration of a bub- 
ble generator. 
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Rg.24 shows an example of the configuration 
of a reactor of an ultrasonic chemical reaction 
apparatus or a bubble generator in which the fun- 
damental wave and the second harmonic wave are 
generated from a single piezoelectric device at a s 
time. A planar piezoelectric device capable of gen- 
erating the fundamental wave and the second har- 
monic wave simultaneously is bonded, with suffi- 
cient acoustic strength, to thickness vibrator ele- 
ment plate 79 which is made of stainless steel or 10 
quartz glass, has a thickness of an integer multiple 
of a half wavelength of the fundamental wave and 
forms part of the outer wall of a reaction vessel 91. 
An outer wall 92 opposing the thickness vibrator 
element plate 79 in parallel thereto has a thickness 15 
which is also an integer multiple of the half 
wavelength of the fundamental wave and serves as 
a reflection plate. With this configuration, acoustic 
fields essentially equal to the stationary acoustic 
fields set up between the two acoustic matching 20 
layers 79-1 and 79-2 in the embodiment of Rg.23 
can be formed between the thickness vibrator ele- 
ment plate 79 and the reflection plate 92. 

Next, an embodiment of a cleaning apparatus 
for performing cleaning in a cleaning tank by irra- 25 
dialing the fundamental and the second harmonic 
wave will be described with reference to Fig.25. 

There are provided a cleaning tank 102 for 
containing a liquid 101, for example, a semiconduc- 
tor substrate cleaning liquid containing pure water 30 
or hydrogen peroxide and ammonia, a piezoelectric 
device 103 having its vibrator element surface bon- 
ded to the bottom of the cleaning tank 102, a flat 
plate 104 which is bonded to the piezoelectric 
device 103, is made of a solid state material having 35 
substantially the same acoustic impedance as the 

103 and has an acoustic thickness in the vibration 
direction which is 1/2 of that of the 103, waveform 
generators 105 and 106 adapted to generate elec- 
trical signals of resonance frequencies f 0 and 2f 9 , 40 
respectively, of a complex resonant type thickness 
vibrator element constituted by the 103 and 104, 
electrical signals delivered out of the waveform 
generators 105 and 106, and an amplifier circuit 

107 which adds together the electrical signals de- 46 
livered out of the waveform generators 105 and 
106 and amplifies them to apply AC voltages to the 
piezoelectric device 103. With this configuration, 
ultrasonic waves of frequencies f D and 2f 0 are irra- 
diated on the cleaning liquid 101 contained In the so 
cleaning tank 102. 

In the ultrasonic cleaning apparatus configured 
as above, the vibrator element plate in the form of 
the bonded piezoelectric device 103 and flat plate 

104 has substantially the same configuration as the 55 
piezoelectric thickness vibrator element explained 
previously in connection with Fig.8 and by perform- 
ing excitation by means of the waveform gener- 



ators 105 and 106 and the amplifier circuit 107, the 
fundamental wave f 0 and the second harmonic 
wave 2f c can coexist in a region 10a When an 
object 109 to be washed, for example, a semicon- 
ductor substrate is placed in this region 108, 
acoustic cavitation is generated highly efficiently at 
a surface 109 of the object to be washed and the 
surface of the object 109 to be washed can be 
washed by the acoustic cavitation. 

Next, an embodiment of a cleaning apparatus 
for performing cleaning in a cleaning tank by irra- 
diating the fundamental wave and the second har- 
monic wave from different vibrator elements will be 
described with reference to Fig.26. 

There are provided a cleaning tank 102 for 
containing a liquid 101 for cleaning, a piezoelectric 
device 103* having its vibrator element surface 
bonded to one of bottom surfaces of the cleaning 
tank and being resonant at a fundamental frequen- 
cy f 0 and a piezoelectric device 103" disposed on 
the other bottom surface of the cleaning tank and 
being resonant at a second harmonic wave 2f 0 of 
the f 0 ; and a waveform generator 105 for generat- 
ing an electrical signal having a component of the 
frequency f 0 and a waveform generator 108 for 
generating an electrical signal having a component 
of the frequency 2f 0 deliver electrical signals which 
are amplified by amplifiers 107* and 107", respec- 
tively, and applied to the piezoelectric devices 103' 
and 103" to vibrate them, thereby irradiating ultra- 
sonic waves on the liquid 101 for cleaning. As a 
result the fundamental wave f 0 and its second 
harmonic wave 2f 0 can coexist in a region 108. 
When an object 109 to be washed, for example, a 
semiconductor substrate is placed in this region, 
acoustic cavitation is generated highly efficiently at 
the surface of the object 109 to be washed and the 
surface of the object 109 to be washed can be 
washed by the acoustic cavitation. 

Next, an embodiment of a cleaning apparatus 
for performing cleaning by Irradiating ultrasonic 
waves on a cleaning liquid jetted out of a jetting 
unit will be described with reference to Fig.27. 

This embodiment comprises a pipe 112 for 
guiding a liquid 101 for cleaning, for example, pure 
water, a nozzle 113 attached to the tip of the pipe, 
a piezoelectric device 103 held inside the nozzle 
113, a flat plate 104 which is made of a solid 
having approximately the same acoustic imped- 
ance as the 103 and has an acoustic thickness in 
the vibrator element direction which is 1/2 of that of 
the 103, waveform generators 6 for generating sig- 
nals of resonance frequencies f 0 and 2f D , respec- 
tively, of a complex thickness vibrator element con- 
figured of the 103 and 104, and an amplifier circuit 
107 by which signals delivered out of the waveform 
generators 105 and 108 are added together and 
amplified so as to be applied to the piezoelectric 
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device 103, 

In the ultrasonic cleaning apparatus configured 
as above, the vibrator element plate formed of the 
bonded piezoelectric device 103 and flat plate 104 
has essentially the same configuration as the pi- 
ezoelectric thickness vibrator element explained 
previously in connection with Rg.8 and when ex- 
citation is carried out by means of the waveform 
generators 105 and 106 and amplifier circuit 107, 
the fundamental wave f 0 and its second harmonic 
wave 2f 0 can coexist in a region 120 jetted out of 
the nozzle 113. When the cleaning liquid 101 is 
emitted from the nozzle 113 toward a rotating or 
stationary stage 119, there results highly efficient 
generation of acoustic cavitation at the surface of 
an object 121 to be washed, for example, a semi- 
conductor substrate within the region 120 and the 
surface of the object 121 to be washed can be 
washed by this acoustic cavitation. 

Results from evaluation of chemical cleaning 
effects brought about by the embodiments of the 
ultrasonic cleaning apparatus of Figs.25 to 27, es- 
pecially, of Bg.25 will be described. 

As an example of chemical cleaning, a semi- 
conductor substrate was washed through oxidation 
by using ammonia and hydrogen peroxide. Since 
the progress of oxidation in the semiconductor sub- 
strate stopped as it reached a constant depth and 
was difficult to quantify, a substance exhibiting 
color reaction through oxidation was held at a posi- 
tion in a cleaning container where the semiconduc- 
tor was held and the velocity of oxidation of the 
substance due to irradiation of the ultrasonic waves 
was measured so as to be used as an index of 
efficiency of cleaning. Experiments were conducted 
in respect of a reaction in which triiodide ions l 3 ~ 
were generated from iodine ions 2r through ox- 
idization. An aqueous solution in which potassium 
iodide was added with chloral hydrate was con- 
tained in a bag made of polyethylene and having a 
thickness of 0.03 mm, and the bag was held at the 
semiconductor holding position and irradiated with 
the ultrasonic waves. Concentration of the gen- 
erated triiodide ions was determined by an absor- 
bance and oxidation rate was determined from a 
value of the absorbance. Oxidation rate obtained 
when a fundamental wave at 750kHz and a second 
harmonic wave at 1.5MHz were irradiated simulta- 
neously while the sum of power levels of the two 
ultrasonic waves being kept to be constant was 
plotted relative to the ratio of the power at the 
fundamental frequency to the total ultrasonic power 
to obtain oxidation rate of the same characteristics 
as those explained previously in connection with 
Rg.6. In this case, the sum of ultrasonic intensity 
levels of the fundamental wave and the second 
harmonic wave at the location where the oxidation 
occurred was about SOW/cm 2 . With the fundamen- 



tal wave or the second harmonic wave alone used, 
the oxidation rate was zero within the experimental 
error range but the synergistic effects obtained 
when the two frequency waves were irradiated at a 

s time were remarkable and especially when the ratio 
of the power at the fundamental frequency to the 
total ultrasound power was 02 to 0.8 (fundamental 
wave: second harmonic wave = 1:4 to 4:1), high 
oxidation rate was obtained. 

w When the acoustic power ratio between the 
fundamental wave and the second harmonic wave 
is fixed to 1:1 and the phase relation between the 
fundamental wave and the second harmonic wave 
is changed, the oxidation rate is plotted to obtain 

is results as shown in Fig.28. In this case, too, the 
sum of ultrasonic intensity levels of the fundamen- 
tal wave and second harmonic wave at a location 
where oxidation occuned was about 30 W/cm 2 . In 
the Figure, abscissa represents values of a when 

20 letting the fundamental wave be sin(2 wf) and the 
second harmonic wave be sin(4 *f). With the value 
of o being (1/4>w to (7/4>*. high oxidation rate was 
obtained. Especially, for w/2 £ a £ ^.remarkably 
high oxidation rate was obtained, where a = W2 is 

25 a phase relation which maximizes the absolute 
value of negative peak acoustic pressure and a = 
-n is a phase relation which makes the fall of 
acoustic pressure steepest. 

The ultrasonic cleaning apparatus shown in the 

30 present embodiment was also effective for cleaning 
using hydrogen peroxide and sulfuric acid, cleaning 
using trichloro acetic acid and cleaning using 
chloral hydrate. 

Next, an example in which the present inven- 

35 tion is applied to sterilization of liquid will be de- 
scribed with reference to Fig.29. 

The present embodiment comprises a process- 
ing tank 201, a liquid pouring port 202, a liquid 
discharge port 203, valves 204, a bubble injection 

<o port 205, a piezoelectric device 208 having its 
vibrator element surface bonded to the bottom of 
the processing tank 201, a flat plate 207 which is 
bonded to the 208, has substantially the same 
acoustic impedance as the 206 and is made of a 

46 solid having the same acoustic impedance as the 
208 and an acoustic thickness in the vibrator ele- 
ment direction measuring 1/2 of that of the piezo- 
electric device 208, waveform generators 208a and 
208b for generating electrical signals of resonance 

so frequencies f c and 2f 0 of a complex resonance 
thickness vibrator element configured of the 206 
and 207, and an amplifier circuit 209 for adding 
together and amplifying electrical signals delivered 
out of the waveform generators 208a and 208b. 

56 Here, the relation between the piezoelectric 
device 208 and flat plate 207 is defined similarly to 
the embodiment of Fig.25 as described in connec- 
tion with Fig.B. When AC voltages of the resonance 
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frequencies f Q and 2f Q are applied to the piezoelec- 
tric device 206 to excite it and ultrasonic waves are 
irradiated on the liquid in the processing tank 201, 
the fundamental wave f 0 and its second harmonic 
wave 2f G can coexist in the liquid in the processing 6 
tank. Through this, acoustic cavitation is generated 
efficiently in the processing tank and sterilization of 
the liquid can be carried out. 

At that time, if gas species such as air is 
injected from the bubble injection port 205, then a 10 
caviation core is allowed to exist stably and the 
effect of sterilization will be less degraded even 
when the ultrasonic waves are irradiated for a long 
time. By adjusting the degree of opening of the 
vaJves and timing therefor, the throughput and pro- 15 
cessing time of the liquid can be changed. 

In the case where the composition of the liquid 
is allowed to be changed, the sterilization effect per 
hour can be improved by adding to the liquid a 
sono-chemicaJ activation substance including a dye so 
in porphyrin-family such as hematoporphyrin or 
chlorin or a halogenoid compound such as chloral 
hydrate or tetrachloro acetic acid. 

Like the embodiment of Rg.26, a processing 
apparatus for performing sterilization in a process- 2s 
ing tank by irradiating the fundamental wave and 
the second harmonic wave from different locations 
can be provided and an embodiment to this effect 
will be described with reference to Fig.30. 

The overall configuration of a liquid processing 30 
apparatus is similar to Fig.29 and differs therefrom 
only in that vibrator element surfaces of an ultra- 
sonic vibrator element 206a resonant with a fun- 
damental frequency f 0 and an ultrasonic vibrator 
element 206b resonant with a second harmonic 35 
wave 2f 0 are independently bonded to the side wall 
of a processing tank 201, and electrical signals 
delivered out of a waveform generator 208a for 
generating an electrical signal having a component 
of the frequency f 0 and a waveform generator 208b 40 
for generating an electrical signal having a compo- 
nent of second harmonic of the f© are indepen- 
dently amplified by amplifiers 209a and 209b, re- 
spectively, to apply AC voltages to the ultrasonic 
vibrator elements 206a and 206b. 45 

When ultrasonic waves are Irradiated into the 
processing tank 1 by means of the ultrasonic vibra- 
tor elements 206a and 206b, the fundamental wave 
f c and its second harmonic wave 2f 0 are allowed to 
coexist in the processing tank. Through this, acous- so 
tic cavitation occurs efficiently in the processing 
tank and sterilization of the liquid can be carried 
out. 



that a continuous ultrasound of a fundamental 
frequency and a continuous ultrasound of a 
second harmonic of said fundamental frequen- 
cy are irradiated substantially simultaneously 
on an object. 

2. An apparatus according to claim 1, character- 
ized in that an ultrasonic transmitter is pro- 
vided which includes a transmitter element for 
generating the fundamental wave and a trans- 
mitter element for generating the second har- 
monic wave which are independent of each 
other, and that said each element is driven by 
a signal voltage of independent frequency, re- 
spectively. 

3. An apparatus according to claim 2, character- 
ized in that a wave transmitter element for 
generating the fundamental wave and a wave 
transmitter element for generating the second 
harmonic wave have in common a focal point. 

4. An apparatus according to claim 2, character- 
ized in that said ultrasonic transmitter is of an 
array type including a plurality of wave trans- 
mitter elements for generating the fundamental 
wave and a plurality of wave transmitter ele- 
ments for generating the second harmonic 
wave. 

5. An apparatus according to claim 1, character- 
ized in that the intensity of the second har- 
monic wave is more than 1/4 times to less than 
4 times the Intensity of the fundamental wave 
at an object to be irradiated. 

6. An apparatus according to claim 5. character- 
ized in that the phase relation between the 
fundamental wave and the second harmonic 
wave is so set as to make the waveform of the 
second harmonic approximate -sin(4 »ft) when 
the waveform of an ultrasound at the funda- 
mental frequency f is represented with respect 
to time t by sin(2 wft) at the object to be 
irradiated. 

7. An apparatus according to claim 1, character- 
ized in that an ultrasonic imaging unit is pro- 
vided which is so configured as to form an 
ultrasonic echo image of the irradiated object 
by transmitting and receiving a pulse wave 
having a higher frequency than the second 
harmonic wave. 



Claims 

1. An apparatus for generating ultrasonic waves 
of a plurality of frequencies, characterized in 



56 8. An apparatus according to claim 7, character- 
ized in that when a continuous wave or a burst 
wave of the fundamental wave and a continu- 
ous wave or a burst wave of the second har- 
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monlc wave are irradiated on the irradiated 
object at a time to generate frequency compo- 
nents of ultrasonic waves at the irradiated ob- 
ject, of frequency components generated at 
said irradiated object, an even multiple of fre- 
quency component of the second harmonic 
wave is received. 

9. An apparatus for generating ultrasonic waves 
of a plurality of frequencies, characterized in 
that a continuous ultrasound of a fundamental 
frequency and a continuous ultrasound of a 
second harmonic of the fundamental wave are 
irradiated simultaneously from the same piezo- 
electric vibrator element toward the same ob- 
ject so that the continuous ultrasound of the 
fundamental frequency and the continuous ul- 
trasound of the second harmonic may be irra- 
diated substantially simultaneously on substan- 
tially the same object. 

10. An apparatus according to claim 9, character- 
ized in that a piezoelectric element is provided 
which is made of a piezoelectric material or a 
material having an equal acoustic impedance 
to that of the piezoelectric material and has an 
acoustic thickness of a half wavelength of the 
fundamental wave, and that a thickness region 
corresponding to substantially 2/3 of the 
acoustic thickness is driven piezoelectrically. 

11. An apparatus according to claim 10, character- 
ized in that a piezoelectric element is provided 
which is made of a piezoelectric material or a 
material having an equal acoustic impedance 
to that of the piezoelectric material, has an 
acoustic thickness of a half wavelength of the 
fundamental wave and has a thickness region 
corresponding to substantially 1/3 of the 
acoustic thickness and a thickness region cor- 
responding to substantially 2/3 of the acoustic 
thickness which are bonded together, and that 
only said 2/3 region is driven piezoelectrically. 

12. An apparatus according to claim 9, character- 
ized in that a push-pull type circuit for driving 
said piezoelectric vibrator element is provided, 
one state in which one of two switching ele- 
ments constituting said push-pull circuit is ren- 
dered to be on and the other is rendered to be 
off and the other state in which the on/off 
rendering is Inverted are so controlled as to be 
repeated, and the ratio between times for the 
respective states to persist is so controlled as 
to substantially equal 1 :3 or 3:1 . 

13. An apparatus according to claim 12, character- 
ized in that a drive circuit is provided which 



includes three DC constant potential sources 
and switching elements, provided by three per 
one piezoelectric vibrator element, for switch- 
ing on/off the electrical connection between 
5 each of said constant potential sources and 

said piezoelectric vibrator element 

14. An apparatus according to claim 1, character- 
ized in that a first circuit for driving a piazo- 

w electric vibrator element at the fundamental 
frequency and a second circuit for driving said 
piezoelectric vibrator element at the second 
harmonic of the fundamental frequency are 
provided, and when a total capacitance of said 

15 piezoelectric vibrator element and a capacitor 
connected in parallel thereto is C and an in- 
ductance resonant with the total capacitance at 
the fundamental frequency is L, said piezo- 
electric vibrator element is connected to said 

20 first circuit through an inductor having an in- 
ductance of 5/BL and to said second circuit 
through an inductor having an inductance of 
10/9L and a capacitor connected in series with 
this inductance and having a capacitance of 

25 9/25C. 

15. An ultrasonic apparatus for irradiating a plane 
wave of a fundamental frequency and a plane 
wave of a frequency which is of an integer 

30 multiple of the fundamental frequency simulta- 
neously on the same object, characterized in 
that wave fronts of said two frequencies are 
rendered to be substantially parallel to each 
other. 

16. An ultrasonic cleaning apparatus configured to 
irradiate ultrasonic waves of a plurality of fre- 
quencies and adapted to irradiate the ultra- 
sonic waves on an object through a medium of 

40 a liquid, characterized in that an ultrasound of 
a fundamental frequency and an ultrasound of 
a frequency which is a second harmonic of the 
fundamental frequency are irradiated simulta- 
neously on said object 

45 

17. An apparatus according to claim 16, character- 
ized in that the ultrasonic waves are irradiated 
on an object held in a cleaning tank. 

so 1a An apparatus according to claim 16, character- 
ized in that the ultrasonic waves are irradiated 
on an object through a medium of a liquid 
jetted out of a jetting unit. 

55 19. An apparatus according to claim 16, character- 
ized In that the intensity of the second har- 
monic wave is set to be more than 1/4 times to 
less than 4 times the Intensity of the fun- 
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damental wave at the object to be irradiated. speed for said solid is more than 1 to less than 

3. 

20. An apparatus according to claim 19, character- 
ized in that the phase relation between the 
fundamental wave and the second harmonic 5 
wave is so set as to make the waveform of the 
second harmonic wave approximate sin(4 wft 

+ a) when the waveform of an ultrasound of 
the fundamental frequency f is represented 
with respect to time t by sin(2 irft) at the object w 
to be irradiated, where a is a real number 
which is more than (1/4}w to less than (7/4)w. 

21. An apparatus according to claim 16, character- 
ized in that used as an ultrasonic thickness 76 
vibrator element is a laminar structure of a 
piezoelectric device and a solid closely bon- 
ded thereto and having substantially the same 
acoustic impedance as said piezoelectric de- 
vice. 20 

22. An apparatus according to claim 6. character- 
ized in that the ratio between a time defined by 
dividing a thickness in the vibration direction of 
said piezoelectric device by an acoustic speed 25 
therefor and a time defined by dividing a thick- 
ness in the vibration direction of said solid 
having substantially the same acoustic imped- 
ance as said piezoelectric device by an acous- 
tic speed for said solid Is more than 1 to less 30 
than 3. 

23. A liquid sterilizing apparatus, characterized in 
that ultrasonic waves of a plurality of frequen- 
cies are irradiated on a liquid simultaneously. 35 

24. A liquid sterilizing apparatus according to claim 
23, characterized in that said plural-frequency 
waves are an ultrasound of a fundamental fre- 
quency and an ultrasound of a second har- 40 
monic of the fundamental frequency. 

25. An apparatus according to claim 23, character- 
ized in that used as an ultrasonic thickness 
vibrator element is a laminar structure of a 45 
piezoelectric device and a solid closely bon- 
ded thereto and having substantially the same 
acoustic impedance as said piezoelectric de- 
vice. 

50 

26. An apparatus according to claim 25, character- 
ized in that the ratio between a time defined by 
dividing a thickness in the vibration direction of 
said piezoelectric device by a acoustic speed 
therefor and a time defined by dividing a thick- 65 
ness in the vibration direction of said solid 
having substantially the same acoustic imped- 
ance as said piezoelectric device by a acoustic 
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